A quantitative model describing the effects of puffing conditions on the level of filter ventilation was developed and evaluated. -The development of the model was based on a quadratic flow-pressure drop relationship which was validated with experimental measurements for numerous plug wraps, tipping papers, and combinations of the two. This relationship was used to derive an equation describing the level of filter ventilation as a function of the flow rate of air exiting the filter. This equation was shown to accurately predict the measured ventilations of six brands of commercial cigarettes over a range of continuous flow rates. The instantaneous ventilation values predicted by the equation were utilized to model ventilation during a puff by integrating the equation with respect to flow rate over the duration of the puff. This method for predicting the effects of specific puffing conditions on ventilation was demonstrated for sinusoidally shaped puffs spanning a wide range of volume and duration. Finally, the effects on the flow dependence of ventilation of different combinations of plug wrap and tipping papers were described qualitatively based on experimental measurements of paper flow-pressure drop linearity.
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ZUSAMMENFASSUNG
Zur Beschreibung der Auswirkungen der Zugbedingungen auf die Filterventilation wurde ein quantitatives Modell entwickelt und ausgewertet, das auf einem fiir 
INTRODUCTION
The smoker's perception of a cigarette is often explained on the basis of cigarette deliveries which have been measured by a machine operating under standard smoking conditions. Machine smoking may not accurately simulate the smoke experienced by the smoker, however, because individual smoking behavior can differ significantly from standard smoking conditions. Therefore, tO be valid, studies of the subjective aspects of smoking must account for individual smoking patterns. This requires a thorough understanding of the effects of smoking conditions on cigarette performance.
The importance of smoking conditions to cigarette performance is readily demonstrated by altering the puff duration while holding the puff volume constant at 35 cm 3 • For example, a filter cigarette ventilated at 50 o/o will show a significant increase in dry total particulate matter delivery with decreasing j>uff duration, even though puff volume remains constant. The dry total particulate matter available from tobacco combustion and the measured efficiency of the mouth-end filter segment are only moderately affected by puff duration. A substantial decrease does occur, however, in ventilation and in the removal efficiency of the upstream filter segment (1), The dependence of removal efficiency on smoke flow rate has been studied extensively and is well understood (2, 3), but the effects of smoking conditions on ventilation are not well understood. This paper will, therefore, examine the flow rate dependence of ventilation and develop models which quantitatively describe this phenomenon.
!2 EXPERIMENTAL
The level of filter ventilation is controlled by the balance of resistance to flow between the filter vent system and the portion of the filter and tobacco column upstream of the vent system (4), Flow through the filter and tobacco column is predominantly laminar (5), so the resistance to flow through these elements increases linearly with increasing flow velocity. Filter vents, however, follow a non-linear flow-pressure drop relationship which, ultimately, causes ventilation to vary with flow (6) . In order to model the flow dependence of ventilation, flow through cigarette vent systems must first be described. Once a quantitative model has been developed for flow through the vents, an equation can readily be derived which describes ventilation as a function of flow through the cigarette. The nature of flow through the vents was characterized by measuring the dependence of flow rate on pressure drop for a sample of plug wrap paper. These measurements were made by using pressure drops exceeding those which exist in normal cigarettes to guarantee broad applicability for the resulting model. Model generality was tested by measuring the dependence of flow on pressure drop for pre-perforated tipping papers, plug wrap papers, and combinations of the two over the range of pressure drops typical in ventilated cigarettes.
Mathematical models describing the effect of flow rate on steady state ventilation were evaluated by measuring the ventilation of ten commercial cigarettes with a continuous flow ventilation meter at five flow rates from 8 to 45 cm 3 /s. The usefulness of these models for describing the effects of puff volume and duration on ventilation was evaluated by measuring cigarette ventilation with a spirometer. The measurements were made for sinusoidally shaped puffs with a range of puff volume and duration. (0.5 < n < 1.0) (1] The limits of the unitless exponent's value range from 0.5 to 1.0 corresponding to the extreme cases in which flow is controlled entirely by either inertial or laminar effects. Equation 2 is the Ergun equation, which describes the pressure drop across the vent system as the sum of laminar and inertial contributions: The accuracies of these two equations were compared by fitting them to flow-pressure drop data for Ecusta 06530 plug wrap measured over an extended range of pressure drops. Figure 1 shows that both models fit the data well, but the quadratic model had about half the root-mean-square deviation of the exponential model. An extensive comparison of the two models was then undertaken in which plug wraps, tipping papers, and combinations of the two were examined at pressure drops typical of those in ventilated cigarettes. Flows through paper samples were measured at pressure drops of 0.25, 0.50, 0.75 and 1.0 kPa for 14 preperforated tipping papers, 40 plug wraps, and 96 combinations of tipping and plug wrap papers. These measurements were made with an unmodified commercial Phobos permeability tester. The data for each paper were fit with both the quadratic and the exponential models, and the relative root-mean-square deviations were calculated. The results of these calculations are shown in Table 1 . For each type of paper studied, measured values of residual error were lower for the quadratic than for the exponential model although these differences were not statistically significant at 95% confidence. Both models described the performance of pre-perforated tipping paper more accurately than the performance of porous plug wrap. Residual errors for plug wrap-tipping paper combinations were · slightly greater than two percent, which is adequate accuracy for modelling flow through the cigarette vent system. Although the two equations yield similar results, the quadratic model has several significant advantages. First, this work has shown that the quadratic model fits empirical flow-pressure drop data as accurately as the exponential model. Second, it is mathematically much easier to determine quadratic model coefficients which minimize flow residuals than it is to determine coefficients for the exponential model. Finally, use of the quadratic model makes it possible to derive an exact equation for ventilation, whereas the equation derived from the exponential model must be solved numerically. For these reasons, the quadratic model was chosen to describe flow through the filter vents.
RESULTS AND DISCUSSION
[2]
Part 2: Dependence of Steady State Ventilation on Flow
The use of the quadratic flow-pressure drop relationship to derive an equation for the dependence of filter ventilation on the flow velocity through a cigarette is shown in Appendix 1. The fundamental assumption of the derivation is that the pressure drop across the filter vents equals the cigarette pressure drop upstream of the vents. This assumption is reasonable because both pressure drops start at atmospheric pressure and end at the same location in the cigarette. Several substitutions and mathematical manipulations are required to obtain the final result. The flow upstream of the vents is described with a linear dependence on the upstream pressure drop, and the total flow through the cigarette equals the sum of the upstream and the vent flows~ The pressure drop across the vents is described with the quadratic model and filter ventilation is obtained from the ratio of vent flow to the total flow.· The final result, shown in equation 3, describes the dependence of the filter ventilation level in percent (V) on the total flow rate through the cigarette in cm 3 per second (F,) and on two constants (k', k") which are determined by cigarette design and the choice of plug wrap and tipping papers:
The equation for the flow dependence of ventilation was evaluated experimentally by measuring the flowpressure drop characteristics of commercial cigarettes and comparing them to the results predicted by the equation. The linear coefficients for the upstream resistance to flow were determined by subtracting the pressure drops of the downstream filter segments from the total vents-closed· cigarette pressure drops and by dividing the results by 17.5 cm 3 Is, the flow rate used in the pressure drop measurement. The coefficients for the quadratic model description of the vent flow were determined by measuring the flows through the vents at four pressure drops after removing the tobacco columns and sealing the tobacco end of the filters. The pressure drops across the vents were determined by correcting the experimental pressure drops for the pressure drops across the mouth end of the filters. The flow rate dependences of ventilation were determined with a continuous flow ventilation meter at five flow rates from 8 to 45 cm 3 Is. These experimentally measured values were then compared to ventilations calculated from the model by using the measured coefficients. The results of these evaluations for six commercial cigarette brands are shown in Figure 2 . Experimentally determined ventilation values are represented by symbols, and the theoretically predicted dependences of ventilation on flow rate are shown with solid lines. In all cases, good agreement was observed between experimental and theoretical values, and the rate of change of cigarette ventilation with flow rate has been accurately predicted. For all the cigarettes tested, ventilation decreased with increasing flow rate, but three of the cigarette brands exhibited especially steep dependences of filter ventilation on flow rate. It is interesting to note how these brands differed from the others. One of the brands utilized laser perforation of the finished filter cigarette; another brand used a filter ventilation system composed of tipping paper without plug wrap; and the third brand utilized tipping paper with extremely large mechanical perforations. In these examples, large, orifice-like vents resulted in more flow-dependent ventilation than for the other brands studied, all of which consisted of fairly typical combinations of plug wrap and pre-'perforated tipping paper.
Part 3: Effect of Puff Parameters on Ventilation
The effectiveness of the model for predicting continuous flow ventilation as a function of flow rate has been demonstrated, but the model can also be used to predict the effects of different puffing conditions. In order to study different puffing conditions, the puff must first be defined mathematically. Appropriate descriptions include values of either puff volume or flow rate as a function of time from the beginning to the end of the puff. This description can be an exact mathematical equation, such as a sine function, or just a list of individual values versus time. In the latter case, however, the accuracy and resolution of the analysis may be limited by the amount of data available.
Once the puff has been defined, the flow rate through the vents and the instantaneous ventilation at any time during the puff can be calculated from the model. Appendix 2 demonstrates the general procedure for predicting the effects of puff variables on ventilation by using the standard 2 s, 35 cm 3 , sinusoidally shaped puff as an example. Figwe 3 shows the total flow, vent flow, and instantaneous ventilation calculated by this proce- dure. This figure shows that, even for the standard sinusoidally shaped puff, the instantaneous ventilation varies significantly with time such that it is highest at the beginning and the end of the puff and lowest during the middle of the puff. These theoretical model predictions for the time dependence of ventilaton during a puff have been verified by independent experimental measurements (7). The validity of this procedure described in Appendix 2 was evaluated by measuring the ventilation of a single cigarette for sinusoidally shaped puffs with a range of puff volume and duration. The results of this evaluation are shown in Figure 4 . Ventilation values determined with a spirometer are shown as symbols, and values predicted by integrating the results of theoretical model calculations are shown as solid lines. The model accurately predicts ventilation for small puffs of long duration, and it correctly predicts trends in ventilation with smoking conditions; but it does not exactly predict ventilation for short, large puffs. Because the error in model predictions increased with increasing puff velocity, it is likely that distortion of the puff shape was the cause of the model's failure. A syringe-type smoking machine was used for these experiments, and significant deviations from the assumed sinusoidally shaped puff have, under certain conditions, been observed for these machines (8) . If the actual puff shape had been measured direc~y, the ventilation could probably have been predicted much more accurately.
Part 4: Effect of Vent Design on Flow Dependence
Plug wrap and tipping papers are the least linear elements of the cigarettej and their properties largely det~r.ro.ine how filter ventilation changes with flow rate. In general, the less linear the flow through these pa- The solid line demonstrates that, although equation 5 approximates the relationship between linearity and the flow exponent, the actual relationship between the two quantities is significandy more complicated. Figure 6 shows the relationship between the quantity, linearity times the reduced thickness, and permeability for porous plug wrap and electrostatically and mechanically perforated tipping papers. The reduced thickness is defined as the ratio of the average thickness of the paper samples in the experimental population divided by the thickness of the paper being measured. For each paper type, the linearity of the flow-pressure drop curve decreases with increasing paper permeability. However, for a given paper permeability, the flowpressure drop relationship is most linear for plug wrap and becomes progressively less linear for electrostatically and mechanically perforated tipping papers. This accounts for the observation that cigarettes made from tipping papers with the same permeabilities and ventilations, but different perforation types, have different performances. Because tipping papers have different linearities and because their permeability is measured at a flow which differs from the flow in the final cigarette, the actual filter ventilation obtained with these papers will vary even though they have the same permeability. Plotting the product of the linearity and the reduced thickness simplifies the graph by compensating for differences in paper thickness. This is because thick papers are more linear than their thinner counterparts even when they have the same permeabilities; significant thickness variations were observed only for plug. wraps. For filter vent systems composed only of tipping paper, the measured linearity values indicate that the dependence of ventilation on flow rate should increase as the size of the perforation increases. However, vent systems generally consist of both tipping and plug wrap papers. The performance of these combinations can differ significantly from that of tipping paper.· Figure 7 shows the dependence of vent system linearity on the permeability of combinations of plug wrap and tipping paper. As was observed for single papers, linearity increases with decreasing permeability, with isolated tipping papers being the most non-linear. Flow through the combinations of plug wrap and tipping paper becomes more linear as plug wrap porosity decreases. A combination of mechanically perforated tipping paper and porous plug wrap with a permeability of 2000 cm 3 I 2.4 cm • s · kPa is significantly more linear than electrostatically perforated tipping paper and porous plug wrap with the same permeability. However, if the permeabilities of the two tipping papers had been equal, the paper combination with the more laminar, electrostatically perforated tipping paper would have been more linear. In general, vent systems which use high permeability tipping and which control flow largely with the plug wrap are more linear than those which use very porous plug wrap and which control flow largely with the tipping paper. It is, therefore, possible to manipulate the dependence of ventilation on flow rate at a target ventilation by the selection of plug wrap and tipping papers.
